MRI detectable and targeted quantum dots were developed. To that aim, quantum dots were coated with paramagnetic and pegylated lipids, which resulted in a relaxivity, r 1 , of nearly 2000 mM -1 s -1 per quantum dot. The quantum dots were functionalized by covalently linking rv 3-specific RGD peptides, and the specificity was assessed and confirmed on cultured endothelial cells. The bimodal character, the high relaxivity, and the specificity of this nanoparticulate probe make it an excellent contrast agent for molecular imaging purposes.
A rapidly growing field in experimental diagnostic radiology is molecular imaging, aiming to image biological processes in vivo and noninvasively at the cellular and molecular level. 1 Magnetic resonance imaging (MRI) has become one of the most important imaging modalities in both clinical and research settings 2 because of its fast scan times, its capacity to produce excellent quality and high-resolution images, and because there is no need for radiochemicals. The MRI signal arises from the excitation of the magnetic moments of hydrogen nuclei of mainly water and lipids, placed in a strong magnetic field. MR images are known for their excellent soft tissue contrast. The most important contrast mechanisms are based on differences in the transverse (T 2 ) and longitu-dinal (T 1 ) relaxation times. These relaxation times can be manipulated by the use of paramagnetic contrast agents, for example, Gd-DTPA, which efficiently shorten T 1 and therefore give rise to signal enhancement in T 1 -weighted images. 3 The introduction of MRI as a molecular imaging modality has been hampered by its low sensitivity compared to nuclear methods such as PET and SPECT. 4 With recent developments in chemistry and the synthesis of powerful, innovative, 4 specific, and multimodal contrast agents, for example, by introducing fluorescent properties as well, [5] [6] [7] MRI is becoming increasingly important for molecular imaging. Quantum dots, semiconductor nanocrystals in a size range of 2-6 nm, have gained much interest in the past few years for biological imaging purposes, 8 especially because of their bright fluorescence, their photostability, and their narrow and tunable emission spectrum. The in vivo use requires the quantum dots to be water-soluble and biocompatible. 9 Efforts have been undertaken to achieve these goals, and quantum dots have been used successfully for imaging studies of live cells [9] [10] [11] and animal models, [12] [13] [14] mainly in combination with two-photon fluorescence microscopy.
Here we report on the synthesis of pegylated and paramagnetic quantum dots (pQDs) with a high relaxivity, r 1 , which make them detectable by both MRI and fluorescence microscopy. Angiogenesis, the formation of new blood vessels, occurs in many pathophysiological processes, and the in vivo imaging of this process is therefore of considerable biomedical interest. Specificity for angiogenic blood vessels was introduced by conjugating the pQDs with cyclic RGD peptides. The arginine-glycine-aspartic acid (RGD) peptide sequence is present in many extracellular matrix proteins 15 and is recognized by Rv 5-and Rv 3-integrins, 16 of which the latter is overexpressed on both the surface of angiogenic endothelial cells and tumor cells. [17] [18] [19] The contrast agent was characterized in terms of relaxation and optical properties and was tested in vitro on cultured human umbilical vein endothelial cells (HUVEC).
High-quality CdSe/ZnS core/shell QDs were synthesized by injection of precursors (Cd(acetate) 2 and Se in trioctylphosphine) into a hot coordinating solvent mixture (trioctylphosphineoxide/hexadecylamine; TOPO/HDA) following methods reported in the literature, 20 with some adaptations (a detailed description can be found in the Supporting Information). A micellular and paramagnetic coating was applied to the QDs in order to make them MR-detectable, water-soluble, and biocompatible. 9, 21 This micellular coating was composed of a pegylated phospholipid, PEG-DSPE (1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy-(poly(ethylene glycol))-2000]), and a paramagnetic lipid, Gd-DTPA-BSA (Gd-DTPA-bis(stearylamide). PEG-lipids are used commonly to stabilize liposomes for pharmaceutical applications because the PEG chains form a hydrophilic coating at the liposomal surface. This results in enhanced circulation half-lives in vivo because pegylated liposomes are protected from interactions with plasma proteins and are cleared by the liver less rapidly. 22 Incorporation of a large quantity of PEG lipids in a lipid mixture leads to the formation of micelles, 23 which are required for obtaining a monolayer lipid coating around the TOPO/HAD/ST capped QDs. The method used in this study has been described previously, 9 but we extended it further by incorporating magnetically labeled lipids for the simultaneous detection with magnetic resonance imaging of these water-soluable QDs. A schematic representation of this procedure is given in Figure 1 . First, the lipids were dissolved in chloroform/ methanol (20:1) in a 1:1 ratio. For functionalization of the QDs, 10% Mal-PEG-DSPE (1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[maleimide(poly(ethylene glycol))-2000]) was added as well. The lipid mixture was added to the purified QDs in chloroform, and the solvents were evaporated gently until a dry film of lipids and QDs was obtained. Thereafter, the lipid film was heated to 70°C and hydrated with a HEPES buffer (pH 6.7) of the same temperature. This suspension was heated and stirred vigorously until a clear suspension was obtained (Figure 2A ). Empty micelles were separated from the micelles containing QDs (pQDs) by ultracentrifugation for 1 h at 500 000 g. The supernatant with empty micelles was discarded, and the pellet was suspended in HEPES buffer. The luminescence of the resulting suspension was verified by excitation with 254-nm UV light ( Figure 2B ). The absorption and emission spectra of the pQDs, depicted in Figure 2C , are comparable to the spectra of the original QDs in chloroform, before applying the lipid coating (see the Supporting Information).
The relaxivities, r 1 and r 2 , and the potency to shorten the T 1 and T 2 relaxation time of water (and thus the potency to generate contrast in MRI) of an MRI contrast agent can be determined from the following equation field strength was more than 12 mM -1 s -1 , which is 3 times higher than that of Gd-DTPA. 3 There was hardly any effect on the relaxation rates for the npQDs with increasing concentration. Because the pQDs contain approximately 300 lipids, half of which are Gd-DTPA-BSA, the relaxivity per mM pQD was estimated to be ca. 2000 mM -1 s -1 . This high relaxivity makes the pQD contrast agent an attractive candidate for molecular MRI purposes.
Next, the pQDs were conjugated to cyclic RGD to make them specific for activated and angiogenic vascular endothelium. Angiogenesis, the formation of new blood vessels, is a key process in many pathological processes including cancer and atherosclerosis. 19 The identification of angiogenesis with molecular imaging methods is important for early screening and for following the effect of antiangiogenesis therapy. The conformation of the peptide sequence used in this study has been optimized for the Rv 3-integrin previously. 24 It was shown that a cyclic conformation has favorable binding properties for this integrin as compared to, for example, the Rv 5 integrin. 25 The cyclic 5mer RGD was synthesized with a thioacetyl group at the lysine residue for coupling. After deacetylation of the peptide, we used the thiol group to form a thioether bond between maleimidefunctionalized PEG lipids, present in the micellular coat of the QDs, and cRGD ( Figure 4) .
Human umbilical vein endothelial cells (HUVECs) were used as an in vitro test system to assess the biological specificity of the RGD-conjugated pQDs. Proliferating HUVECs express cell surface receptors, including the Rv 3-integrin, which are also expressed at angiogenic blood vessels. Therefore, RGD conjugates target to HUVEC as well and inhibit the proliferation of the cells. 26 To assess the specificity of the contrast agent, HUVECs were incubated with the Rv 3-targeted pQDs (RGD-pQDs) at 37°C. As a control, pQDs that were not conjugated with RGD were used. After, the incubation cells were washed twice. In Figure 5A , a fluorescence microscopy image of HUVECs that had been incubated with green-emitting RGD-pQDs is depicted. The RGD-pQDs were clearly associated with the cells and were found internalized at a perinuclear location (inset). Fluorescence images of HUVECs incubated with bare pQDs showed much less green fluorescence ( Figure 5B ). This can be explained by a nonspecific cellular uptake of the pQDs, also observed when HUVEC are incubated with liposomes. 6 Both microscopy scans were made with the same settings for laser power and photomultiplier sensitivity, allowing a direct comparison between different incubations. For clarity, the corresponding phase contrast images, which were excited with a laser simultaneously, are depicted in Figure 5C and D. The cell density for both incubations is comparable, and therefore the difference in fluorescence intensity arose from the difference in the level of association of pQDs. These results demonstrate that RGD-conjugated pQDs were actively taken up by the cells. Last, ∼1.5 × 10 6 HUVECs were incubated with either RGD-pQDs, pQDs, or without contrast agent for 2 h at 37°C
. After the incubation, the cells were washed, put in small Eppendorf-cups, and fixed with 40 µL of 4% paraformaldehyde solution. MR imaging was performed on preparations of 1.5 × 10 6 packed cells. A T 1 -weighted image, in which cells with a high content of Gd appear brighter than cells with a low content of Gd or no Gd, was made of cell pellets of the three incubations ( Figure 6 , left). The MR image of a cell pellet that was incubated with RGD-pQDs was much brighter than those that were incubated with pQDs and that were not incubated with contrast agent. Furthermore, the T 1 and T 2 relaxation times of the different cell pellets were determined (Figure 6 , right). The T 1 of the pellet of HUVECs incubated with RGD-pQDs was 1123 ( 33 ms, whereas the cells incubated with pQDs had a T 1 of 1673 ( 26 ms. Cells that were not incubated with liposomes had a T 1 of 1966 ( 19 ms. The same trend was found for T 2 relaxation times ( Figure 6, right) . These data show that the level of association of RGD-pQDs sufficed to be detected by MRI.
Molecular imaging relies mainly on the development of potent, innovative, and specific contrast agents. 4 Intravital microscopy, for example, two photon laser scanning microscopy, is capable of visualizing multiple species at the subcellular level, but with a relatively low penetration depth and a small scanning window. QDs, in combination with intravital microscopy, have shown potential in vivo. 8, [12] [13] [14] MRI is a noninvasive in vivo imaging modality capable of visualizing opaque, intact tissue at resolutions down to 50 µm. 2 Recent developments have led to more potent and more specific MRI contrast agents. This makes both imaging modalities highly complementary, and therefore the development of bimodal contrast agents, based on QDs, which can be detected with both MRI and fluorescence microscopy, may enhance the opportunities of molecular imaging greatly. Furthermore, QDs have been shown to be useful in guided surgery, 27 and recently the combination of an optical and MR detectable probe has been proposed to be useful in this field. 28 The RGD peptide has been proven useful in drug and gene targeting in vivo 29, 30 and in the field of molecular imaging. Conjugates of RGD have been used for the identification of angiogenesis with PET, 25 whereas paramagnetic perfluorcarbon nanoparticles carrying RGD mimetics 31 and paramagnetic bimodal liposomes 6 conjugated to cyclic RGD peptides 7 have shown their potential for the in vivo detection of the Rv 3 integrins with MRI. Furthermore, this approach might be useful for evaluating the effect of antiangiogenesis therapy. Next to the ligand used in this study, other ligands can be conjugated to the pQDs for multimodality imaging of other markers of angiogenesis and also for imaging processes such as inflammation, 6 atherosclerosis, 32 and apoptosis. 33 The bare particle without ligand may be used to study vascular permeability with both MRI and fluorescence microscopy. 13, 14, 34 In conclusion, we have shown the synthesis of quantum dots with a water-soluble and paramagnetic micellular coating as a molecular imaging probe for both fluorescence microscopy and MRI. The quantum dots preserve their optical properties and have a very high relaxivity, r 1 . Targeting ligands can be coupled to these pQDs via maleimide or other functional groups. In this study, the paramagnetic quantum dots were functionalized by conjugating them with cyclic RGD peptides and were successfully targeted to human endothelial cells in vitro. We infer that this nanoparticulate bimodal contrast agent may be of great use for the detection of (tumor) angiogenesis.
